Introduction
[2] The last deglaciation and early Holocene were punctuated with meltwater outbursts/discharges and millennialscale abrupt climate changes [Alley and Clark, 1999] . Previous meltwater discharge studies [e.g., Licciardi et al., 1999; Clark et al., 2001; Teller et al., 2002; Teller and Leverington, 2004; Nesje et al., 2004] mainly focused on the time before 8 kyr BP, when the reconstructed freshwater discharges were large (ranging from 0.3 to 5.2 Sv, 1 Sv = 10 6 m 3 s
À1
). The main purpose of this paper is to examine the effects of the freshwater discharge on the ocean, climate and terrestrial carbon cycle after 8 kyr BP. To accomplish this task, we use the ''green'' McGill Paleoclimate Model (MPM), which was previously employed to investigate millennial-scale climate changes [Wang et al., 2005b] and terrestrial carbon cycle dynamics [Wang et al., 2005c] during the pre-industrial Holocene, from 8 to 0 kyr BP. However, Wang et al. [2005b Wang et al. [ , 2005c neglected the impact of freshwater forcing from the gradual melting of the LIS between 8 and 6 kyr BP. We now consider the impact of four freshwater perturbations ( Figure 1a ). Since our model study starts after the 8.2-kyr cold event [Alley et al., 1997; Barber et al., 1999; Bauer et al., 2004] , we propose for each perturbation a relatively long-term release of freshwater into the high-latitude North Atlantic [from 50°N to 70°N, as by Manabe and Stouffer, 1997] , rather than a short-term freshwater pulse as by Renssen et al. [2001 Renssen et al. [ , 2002 .
[3] In response to a two-year meltwater pulse of 1.6 Â 10 14 m 3 at 8.2 kyr BP, Bauer et al. [2004] found that the climate evolved into a new equilibrium state with reduced North Atlantic Deep Water (NADW) formation and a southward shift of the NADW formation region. The studies of Renssen et al. [2001 Renssen et al. [ , 2002 , on the other hand, showed that a meltwater-induced weakening of the North Atlantic thermohaline circulation (THC) could have caused the 8.2-kyr cold event. They concluded that the timescale of the meltwater release and the initial climate state were important in determining the response pattern of the THC. The above papers build on the earlier work of the NOAA GFDL, which subjected their coupled atmosphere-ocean model to a short-term freshwater pulse of 1 Sv over 10 years [Manabe and Stouffer, 1995] , and a smaller pulse of 0.1 Sv over 500 years [Manabe and Stouffer, 1997] . Their first study showed that the THC weakened abruptly during the freshwater perturbation, intensified shortly after the perturbation ended and then weakened again, before gradually recovering to the initial intensity in about 300 years. Their second study showed that the THC weakened during the perturbation, and the surface air temperature (SAT) dropped over the northern North Atlantic, the Greenland/Iceland/ Norwegian Seas, as well as over the Circumpolar Ocean of the Southern Hemisphere (SH).
Model Description and Experimental Design
[4] In our experiments we used the green MPM, an Earth system Model of Intermediate Complexity (EMIC) that is described by Wang and Mysak [2000] and Wang et al. [2005a Wang et al. [ , 2005c . In addition to vegetation and terrestrial carbon cycle modules, there are atmosphere, ocean, sea ice, land surface and ice sheet components; all the above components are interactively coupled except for the ice sheet [see Wang et al., 2005a] . The model has a land surface scheme which includes the vegetation-albedo feedback [Wang et al., 2005a] and the vegetation-precipitation feedback [Wang et al., 2005c] . The terrestrial vegetation and carbon cycle dynamics are simulated by VECODE [Brovkin et al., 2002] , and the pre-industrial terrestrial carbon cycle is evaluated by Wang et al. [2005c] . GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L15705, doi:10.1029 /2005GL023344, 2005 Copyright 2005 by the American Geophysical Union. 0094-8276/05/2005GL023344$05.00
[5] Since the LIS totally disappeared by 6 kyr BP [Dyke and Prest, 1987] , we could estimate its total ice volume at 8 kyr BP from the relative sea level change (<5 m) between 8 and 6 kyr BP (G. Clarke, personal communication, 2004) and the work of Paterson [1972] . Further, we considered the Fairbanks [1989] reconstructed global sea level change (about 8 m) over the above period. However, using such a sea level-equivalent change for the residual LIS at 8 kyr BP is too large, since it includes contributions from ocean thermal expansion, Antarctic ice sheet melt and other freshwater sources (e.g., glacier retreat). These considerations led us to assume a LIS freshwater-equivalent volume of 1.62 Â 10 15 m 3 at 8 kyr BP (4.62 m sea level-equivalent in our model). With the freshwater volume constrained at this value, we propose four freshwater perturbation scenarios ( Figure 1a ): i) a two-stage gradual release of meltwater from 8 to 7 kyr BP (at a rate of 0.045 Sv) and from 7 to 6 kyr BP (0.0054 Sv) (F1); ii) a four-stage gradual release of meltwater from 8 to 7.5 kyr BP (0.064 Sv), from 7.5 to 7 kyr BP (0.026 Sv), from 7 to 6.5 kyr BP (0.0061 Sv), and from 6.5 to 6 kyr BP (0.0046 Sv) (F2); iii) a two-stage pulse-like release of meltwater from 7.5 to 7 kyr BP (0.091 Sv), and from 6.5 to 6 kyr BP (0.011 Sv) (F3); iv) a fourstage pulse-like release of meltwater from 7.75 to 7.5 kyr BP (0.13 Sv), from 7.25 to 7 kyr BP (0.053 Sv), from 6.75 to 6.5 kyr BP (0.012 Sv), and from 6.25 to 6 kyr BP (0.0093 Sv) (F4). The freshwater scenarios (F3 and F4 scenarios) model a situation in which the meltwater is first blocked by the ice, and then released in a pulse-like fashion with different durations (500 or 250 years). We consider these to be upper-range scenarios [Licciardi et al., 1999] , and therefore they should be regarded more as sensitivity experiments. We believe the gradual-release scenarios F1 and F2 are more realistic, although there may be some uncertainty associated with the duration of these discharges [Jansson and Kleman, 2004] .
[6] For each transient simulation, the atmosphere, land surface, sea ice and vegetation components of the green MPM are first spun up for 60 years under the 8-kyr-BP forcing of i) monthly mean insolation at the top of the atmosphere [Berger, 1978] , ii) an atmospheric CO 2 concentration of 260 ppmv, and iii) a prescribed residue of the LIS [Wang et al., 2005b] . The ocean component is next coupled to the above components using flux adjustments [Wang and Mysak, 2000] , and is run for another 5,000 years to reach an equilibrium state. Then the coupled model is integrated from 8 to 0 kyr BP with varying solar forcing [Berger, 1978] , retreating LIS from 8 to 6 kyr BP [Wang et al., 2005b] , reconstructed atmospheric CO 2 concentration from Taylor Dome [Indermühle et al., 1999] , and the prescribed freshwater perturbations as illustrated in Figure 1a . The control run (CNTL), with neglected freshwater forcing, is carried out as a reference.
Results
[7] The maximum intensity of the North Atlantic MOC quickly decreases in response to each freshwater perturbation (Figure 1b) . Note that there is no freshwater forcing after 6 kyr BP; since there are almost no differences among the five runs after 5 kyr BP, the plots all end at this time. Figure 1b shows that in response to the first pulse in the F3 and F4 perturbation scenarios, the MOC decreases about 5 and 8 Sv, respectively. We also note that the weakened MOC in each case rebounds quickly (in about 10-20 years) after the termination of a freshwater input, and overshoots to a higher level than that at the starting period. This feature was also obtained by Manabe and Stouffer [1997, Figure 6a ]. We argue that this over-shoot effect is associated with a subtropical salt advection to the NADW formation region. As the MOC is reduced, the northward salt advection in the subtropical Atlantic also weakens. As soon as this advection increases in response to the termination of freshwater input, a large amount of salt is transported toward the NADW formation region. Thus the MOC is substantially enhanced. After the release of subtropical salt, the MOC returns to its pre-perturbation level.
[8] Figures 2a and 2b illustrate the evolution of the annual mean sea surface temperature (SST) in the North Atlantic at 62.5°N and in the Southern Ocean (SO) at 57.5°S, respectively. For the F4 run, the North Atlantic SST decreases 3.7°C within 100 years after the first freshwater pulse (0.13 Sv) is applied. After this pulse, the SST returns to its control value. However, for all the other freshwater pulses in the F1, F2, F3 and F4 runs and for the CNTL run, we do not see such a strong short-term cooling in the North Atlantic. To help explain the above feature, we computed the North Atlantic sea ice concentration changes (Figure 2c ) for the five transient runs. We note that after an SST cooling of about 0.7°C, which occurs 20 years after the first freshwater pulse in the F4 run (Figure 2a) , the sea ice concentration rapidly increases to 95% in the most northern grid of the North Atlantic in March (Figure 2c ). The ice-albedo feedback associated with the sudden appearance of North Atlantic sea ice causes an additional cooling of about 3.0°C during the first freshwater pulse in the F4 run. We note that no sea ice appears in other freshwater pulses in the F1, F2, F3 and F4 runs and the CNTL run. In the SO, on the other hand, the SST increases after the first prescribed freshwater pulses in the F3 and F4 runs (Figure 2b) . Further, as the North Atlantic MOC is reduced (Figure 1b) , the northward oceanic heat transport weakens for these runs (figure not shown). Thus more heat is trapped in the SO to produce the increased SST. These results are a model simulation of the interesting bipolar seesaw as proposed by Crowley [1992] and Stocker [1998] . Upon comparing Figures 2a and 2b , we note that the start of a SO warming lags that of a North Atlantic cooling by about 100-200 years. This time lag is consistent with the extended ''thermal-freshwater'' seesaw concept [Knutti et al., 2004] .
[9] The global net primary productivity (NPP, Figure 3a ) and land carbon storage (LCS, Figure 3b ) change slowly and in a similar manner in the four transient runs F1, F2, F3 and CNTL. Large and rapid changes in the global NPP and LCS occur only for the first freshwater pulse in the F4 run. We also conducted two other F4 sensitivity experiments with a first freshwater pulse of 0.1 Sv and 0.11 Sv. We found that only the latter case produces a notable change in the terrestrial carbon cycle (figure not shown). This suggests that only a large freshwater perturbation (>0.1 Sv) has a significant impact on the global NPP and hence the global LCS changes. Due to an NH annual SAT cooling of about 1.0°C caused by the first freshwater pulse in the F4 run (figure not shown), the global NPP and LCS were reduced by about 2 PgC/yr and 40 PgC (1 PgC = 10 15 gram carbon), respectively. However, we note that this freshwater threshold is strongly model dependent.
[10] The changes in the global biomass ( Figure 4a ) and soil carbon (Figure 4b ) for different runs are similar, and only in the case of the F4 run, is there a notable influence of the freshwater perturbation. For the first freshwater pulse in the F4 run, the global biomass decreases about 15 PgC, while the global soil carbon decreases about 25 PgC. However, we note that the recovery time of soil carbon is about 100 years longer than that of biomass. This is because the turnover rate for soil carbon is much slower than that of biomass in VECODE (figure not shown).
[11] From about 6.5 kyr BP onward, the NH ( Figure 5a ) and SH (Figure 5b ) total LCS vary inversely in the four transient runs F1, F2, F3 and CNTL. For the first 1.5 kyr of these runs, the LCS in each hemisphere shows an increasing trend, but no response to the freshwater perturbations. On the other hand, for the F4 run, the NH total LCS decreases significantly (about 50 PgC) during the first freshwater pulse, while there is a delayed 10-PgC increase in the SH total LCS during the same period. The latter increase is presumably due to an SH annual SAT warming of about 0.5°C in the F4 run (figure not shown). Note that as found earlier, there is virtually no influence of the freshwater perturbations on the NH and SH total LCS in all other cases.
Concluding Remarks
[12] The green MPM, which includes the vegetationtemperature and vegetation-precipitation feedbacks, is employed to investigate the sensitivity of the Holocene climate and terrestrial carbon cycle dynamics to four freshwater discharge scenarios. We find that only the first freshwater pulse in the F4 scenario (0.13 Sv over 250 years) has a significant impact. There is a drop of 8 Sv in the North Atlantic MOC and an enhanced NH cooling of about 1.0°C caused by the ice-albedo feedback, in association with the appearance of North Atlantic sea ice. The global NPP and LCS decrease about 2 PgC/yr and 40 PgC, respectively. Since the F4 freshwater discharge scenario is unlikely to have occurred -the gradual discharge scenarios are more likely [Licciardi et al., 1999] -we conclude that the freshwater impact on the Holocene climate and terrestrial carbon cycle is probably negligible after the 8.2-kyr cold event. However, other sensitivity studies need to be performed before we can take this as a firm conclusion. For example, we might consider releasing the meltwater into other parts of the Atlantic or into the Arctic.
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